Quorum-sensing inhibitor (QSI) is one of the most promising and environmentally friendly agents for marine antifouling. In this study, the activities of three kinds of QSIs 3,4-dibromo-2(5)Hfuranone, 4-nitropyridine-N-oxide and indole were evaluated on the growth of two marine diatoms Cylinthrotheca sp. and Nitzschia closterium. At the same time, the effects of QSIs on the formation of the diatom-biofilm were also discussed. All the results showed that QSIs significantly inhibited the growth, and the effects depended on the dose and diatom species. The extracellular polymeric substance contents in the diatom-biofilm were significantly reduced by QSIs. However, the contents of polysaccharide in culture mediums were increased, which might result in the destruction of diatom cells. Combined with the results of crystal violet staining-biofilm and images of scanning electron microscopy, it was further demonstrated that QSIs inhibited the biofilm formation of Cylindrotheca sp., and the inhibitory effect of 4-nitropyridine-N-oxide was superior to that of 3,4-dibromo-2(5)H-furanone and indole.
The influence of bacterial quorum-sensing inhibitors against the formation of the diatom-biofilm
Introduction
Biofouling is a major problem in the marine environment, particularly to shipping and aquaculture where it can cause costs due to increased fuel consumption or cause economic losses due to damaged farmed organisms. [1] At present, antifouling agents have been widely used in coatings to prevent the formation of biofouling by killing organisms such as bacteria, algae and larvae of fouling animals. However, some antifouling agents are problematic because they can leach into the marine environment and cause harm to nontarget organisms. [2] With the ban on the use of tributyltin (TBT) compound in antifouling coatings in 2008, and the discovery of TBT alternatives, such as diuron and Irgarol 1051 damaging to marine organisms, searching for new and environmentally friendly alternatives has been widely focused on the field of antifouling technology. [3, 4] Quorum-sensing inhibitors (QSIs) can inhibit the formation of the bacterial biofilm by disrupting bacterial cell-to-cell communication and the inhibitory effect on the bacterial biofilm can result in the decrease of adhesion and attachment of fouling algae and animals. [5] In addition, many reports have pointed out that bacterial biofilms are very important for the community formation of subsequent macro-fouling organisms. [6] [7] [8] Quorum-sensing disruption is an effective strategy to control the bacterial biofilm. Therefore, QSIs are promising agents for antifouling in the marine environment. Presently, many researchers have focused on QSIs in the field of biomedicine and reported that many kinds of chemicals including furanone, brominated furanone, 4-nitropyridine-N-oxide and indole derivatives isolated from the natural environment, plant, animal, algae, fungus, etc. could serve as QSIs to inhibit bacterial infection in a host. [9] At the same time, it was also found that furanone derivatives and indole derivatives exhibited potent antifouling activity against the larvae of important fouling organisms. [10, 11] Therefore, these QSIs might be developed as efficient marine antifouling agents in coatings. However, the possibility still needs to be further evaluated.
Benthic diatoms are dominant components of micro-fouling in the marine environment. During the formation of micro-fouling, diatoms, bacteria and their products such as extracellular polymeric substances (EPSs) constitute fouling biofilms, which have shown to affect the larval settlement of a wide range of fouling species including barnacles, bryozoans and polychaetes. [12, 13] Some reports pointed out that most of the fouling animals preferred to attach on the place where diatoms gathered although bacterial biofilms also influenced the formation of subsequent macro-fouling communities. [14] And the growth and attachment of diatoms are closely related to bacteria. [15] At the same time, diatoms are beneficial to ecosystems as they contribute significantly to global primary production, carbon fixation and nutrient cycling. [16] In this study, the inhibitory effects of three kinds of QSIs including 3,4-dibromo-2(5)H-furanone, 4-nitropyridine-N-oxide and indole were determined on the benthic diatoms Cylindrotheca sp. and Nitzschia closterium. The purpose of this experiment is to evaluate the antifouling activities of QSIs by inhibiting the growth and the formation of the diatom-biofilm, and to provide the basis for security application of antifouling agents in the marine environment. (Table 1S ). All other chemicals were analytical or higher grade.
Materials and methods

Diatoms culture and chemicals
Growth assay
The growth experiments were carried out in 96-well polystyrene plate. Each well contained 200 μL diatom culture mediums and QSIs. Diatom culture mediums were obtained according to the following procedure. The diatom cultures of the late logarithmic growth phase were centrifuged at 20°C, 5000 rpm for 10 min, and the supernatant was removed and cell pellet was washed twice with sterile f/2 medium and diluted to the desired cell densities, and the initial cell density was 1-2 × 10 5 cells/mL for Cylindrotheca sp. and 1-2 × 10 6 cells/mL for N. closterium. The concentrations of QSIs were 0.1, 1, 10 and 50 mg/L, respectively. There were six replicates for each group and the group free of QSIs served as the control. The 96-well plates were cultured in light incubator and were determined the optical density of 630 nm with a multiskan (Infinite M2000, Tecan) to represent the diatom growth for 3 days. The specific growth rate was calculated according to the method of Leflaive and Ten-hage. [17] 
Pigment assay
In order to evaluate the influence of QSIs on the biomass of the diatom-biofilm, the pigment chlorophyll-a (Chl.a) contents of the attached diatom were measured. This study was conducted in 24-well plate, and the initial densities of diatoms and the concentrations of QSIs were the same as that of the growth experiment. Differently, the total volume was 2 mL in 24-well plate and each group had four replicates. After the 24-well plates were cultured in a light incubator for 15 days, the cultured mediums were removed and the wells were washed twice with sterile seawater to remove unattached diatom cells, then 2 mL 95% ethanol was added into each well overnight at 4°C for Chl.a extraction. The extracted Chl.a was centrifuged at 5000 rpm for 10 min, and the 665 and 649 nm absorbances of the supernatant were measured for calculating Chl.a contents according to the method of Yang et al. [18] .
EPS assay
Similar to the experiment of pigment assay, the study was conducted in 24-well plate, and the initial densities of diatoms and the concentrations of QSIs were the same as that of the growth experiment. After diatoms were cultured in 24-well plates for 15 days, the main components EPS (protein and polysaccharide) of the diatom-biofilm and soluble sugar in the culture mediums were determined in this study. The diatom culture mediums were centrifuged at 5000 rpm for 10 min and the supernatant was analysed for soluble sugar. The wells were gently washed twice to remove loosely unattached cells for EPS assay in the diatombiofilm. The EPS was extracted by using 2 mL sterile distilled water, 30°C water bath for 1 h, and centrifuged at 5000 rpm for 10 min, then protein and polysaccharide contents in the cell-free supernatant were analysed. The protein contents were determined by the method of Bradford assay. [19] The polysaccharide and soluble sugar contents were measured according to the phenol-sulphuric acid colormetric method. [20] Attached diatom biomass and morphology assay For further determining the attached diatom biomass and morphology of the diatombiofilm which were influenced by QSIs, Cylindrotheca sp. was selected as the model strain because of its stronger adhesion activity than that of N. closterium. In the study, the concentration of QSIs was 10 mg/L. The attached biomass was assayed according to the method of Li et al. [21] . With some modification, after the attached diatom-biofilm was incubated in a 24-well plate for 15 days, the biofilm was gently rinsed two times with distilled seawater to remove loosely attached diatom, and dried at 60°C for 10 min. Subsequently, the 24-well plate was stained with 100 μL/well of 0.1% crystal violet. After 15 min incubation at room temperature, the stained samples were washed three times with distilled seawater to remove crystal violet, and dried at 60°C for 10 min. The ethanol solution of 95% was added into each well at a dose of 1 mL for 15 min incubation, then the collected ethanol solution was transferred into a 96-well plate and the absorbance of 600 nm determined with a multiskan (Infinite M200, Tecan). All the control and treatment groups had at least three replicates.
The morphology assay of the diatom-biofilm of Cylindrotheca sp. was conducted in 12-well plates and each well contained 1 × 1 cm 2 glass slides which were ultrasonically washed three times in distilled water and sterilised before the experiment. The total volume of culture mediums in each well was 4 mL including 10 mg/L QSIs, and the diatom density was the same as above. After 15 days' incubation, the attached diatom slides were taken out and washed gently three times with sterile seawater to remove unattached cells, then fixed with 2.5% glutaraldehyde for 1 h, followed by washing in a gradient series aqueous solutions of 25%, 50%, 75% and 95% ethanol for 15 min. The slides were dried and kept in a desiccator overnight for scanning electron microscopy (SEM) examination (Hitachi S-4800, Japan). [22] Statistic assay
All the data shown in the study were the means ± SD of replicates and were evaluated by using one-way analysis of variance followed by the least significant difference test, p < .01 and p < .05 (Origin 7.5 for Windows).
Results
The effects of QSIs on the growth of two marine diatoms Figure 1 shows the effects of three kinds of QSIs on the growth of marine benthic diatom Cylindrotheca sp. For 3,4-dibromo-2(5)H-furanone and indole, the diatom cell densities increased gradually under any given concentration during the whole experiment ( Figure  1 (A) and 1(C)). 3,4-Dibromo-2(5)H-furanone at the concentrations of 10 and 50 mg/L significantly inhibited the growth of Cylindrotheca sp. and the specific growth rates were decreased by 53.83% and 92.09% in comparison with the control, respectively (Figure 1  (a) ). For indole, the diatom cell densities were obviously lower than that in control only when the concentration reached 50 mg/L (Figure 1(C) ) and the specific growth rate was reduced by 45.80% (Figure 1(c) ). Indole of 10 mg/L also obviously inhibited the specific growth rate and the value was 84.76% of that in the control group. Differently, 4-nitropyridine-N-oxide at a concentration of 50 mg/L totally inhibited the growth of Cylindrotheca sp., the cell densities decreased with increasing exposure time and the specific rate could not be detected (Figure 1(B) and 1(b) ). When the concentrations were lower than 50 mg/L, the cell densities increased over the treatment time (Figure 1(B) ), and 4-nitropyridine-N-oxid of 1 and 10 mg/L significantly inhibited the diatom growth and the specific growth rates were correspondingly 71.61% and 14.51% of that in the control (Figure 1(b) ). Similar trends of three kinds of QSIs on the growth and specific growth rate of the diatom N. closterium are clearly observed in Figure 2 . The diatom cell densities increased with the time extending except that 4-nitropyridine-N-oxide of 50 mg/L totally inhibited the diatom growth and cell densities gradually decreased. The specific growth rates of N. closterium were obviously reduced by 3,4-dibromo-2(5)H-furanone and 4-nitropyridine-N-oxide at concentrations of 10 and 50 mg/L, and all the values were lower than 50% of the control. In addition, the difference was that 4-nitropyridine-N-oxide of 0.1 mg/L promoted the diatom growth and the specific growth rate increased 12.55% in comparison with that in the control. For indole, the specific growth rate of the diatom significantly decreased with the increase of exposure concentrations (0.1, 1, 10 and 50 mg/L) and the values were correspondingly 83.94%, 77.93%, 63% and 36.2% of the control.
The effects of QSIs on the Chl.a, EPS contents in the attached diatom and soluble sugar in the medium
The long-term (15 days) effects of three kinds of QSIs on the diatom-biofilm of Cylindrotheca sp. are shown in Figure 3 . The Chl.a and EPS contents in the attached diatom and soluble sugar contents in the culture mediums were determined in this study. Results showed that both 3,4-dibromo-2(5)H-furanone and 4-nitropyridine-N-oxide powerfully decreased the Chl.a contents in the diatom-biofilm at exposure concentrations of 10 and 50 mg/L. The Chl.a contents reached almost zero at the exposure concentration of 50 mg/L 3,4-dibromo-2(5)H-furanone and 4-nitropyridine-N-oxide, and when the exposure concentration was 10 mg/L, the values were 25.19% and 1.8% of the control, respectively (Figure 3(A) and 3(B) ). However, only the highest concentration (50 mg/L) of indole obviously decreased the Chl.a content with a value of 46.12% of the control (Figure 3(C) ). The Chl.a contents at lower concentrations (≤10 mg/L) showed a positive influence on the biomass of the attached diatom. The Chl.a contents were increased by 55.21%, 67.85% and 49.30% of the control when the concentrations of indole were 0.1, 1 and 10 mg/L, respectively. Three kinds of QSIs decreased EPS (protein and polysaccharide) contents in the attached diatom-biofilm with the increase of treatment concentrations, and the values were obviously lower than that in the control at the higher concentrations exposure (10 and 50 mg/L) (Figure 3(a), 3(b) and 3(c) ). The polysaccharide contents were correspondly decreased by 52.26%, 76.88%, 81.88% and 75.7% compared with the control when the concentrations of 3,4-dibromo-2(5)H-furanone were 0.1, 1, 10 and 50 mg/L. Differently, the soluble sugar contents in culture mediums were gradually increased with the increase of exposure concentrations of the three kinds of QSIs. With the treatment concentration of For N. closterium, the effects of three kinds of QSIs on the formation of the diatombiofilm are shown in Figure 4 . The Chl.a contents in the attached diatom-biofilm were powerfully decreased at the highest QSIs concentration (50 mg/L). When the exposure concentration was 10 mg/L, only 4-nitropyridine-N-oxide and indole significantly decreased the Chl.a contents of the attached diatom. The protein contents could not be detected in the attached diatom N. closterium in the experiment, while polysaccharide contents were increased at 50 mg/L of 3,4-dibromo-2(5)H-furanone or indole exposure, and the values were 1.51 and 1.55 times of the control. Similarly, both 3,4-dibromo-2(5) H-furanone and 4-nitropyridine-N-oxide of 50 mg/L significantly increased the soluble sugar contents in culture mediums. However, indole at the given concentrations in the study decreased the soluble sugar contents in the mediums.
The effects of QSIs on the biomass and morphology of the diatom-biofilm
It was found that the adhesion activity of Cylindrotheca sp. was better than that of N. closterium during the experiment. Therefore, Cylindrotheca sp. was chosen as the model strain to study the effects of QSIs on the diatom-biofilm. The crystal violet staining method was used to reflect the biomass of the diatom-biofilm in Figure 5 . Results showed that 4-nitropyridine-N-oxide and indole significantly inhibited the attachment of diatom, and the biomass was decreased by 63.84% and 37.98% of that in the control group. For further elucidating the influences of QSIs on the diatom-biofilm, the morphology was observed by SEM ( Figure 6 ). The changes observed in the images were consistent with the decrease in the amount of biomass and EPS; especially 4-nitropyridine-N-oxide, which obviously destroyed the attached diatom cell structures.
Discussion
QS disruption was an efficient way to inhibit the formation of the bacterial biofilm, then to prevent biofouling in the marine environment. It was reported that the process of bacterial QS could be disrupted by different mechanisms: (i) inhibiting the production of QS signal molecules, (ii) reducing the activity of AHLs cognate receptor protein or N-acyl homoserine lactone (AHL) synthase, (iii) the degradation of AHLs by enzymes, (iv) mimicking the signal molecules by using synthetic compounds as analogues of signal molecules, (v) inhibiting signals by using antibodies or decoy receptors. [9, 21] Natural QSIs had been reported from a large number of organisms such as prokaryotic organisms, animals and plants. Prokaryotic QSIs were mainly AHL-acylases or lactonases. [23] [24] [25] QS enzymes had also been found in some animals such as mice, rats and zebrafish. [26] In addition, plant extracts had been found to act as QSIs because of their similar chemical structure to those of QS signals and also because of their ability to degrade signal receptors. [27, 28] Although naturally occurring QSIs had been widely reported, the low concentrations in organisms limited their application in the environment. At present, chemical synthesis overcame the major limitations and many synthetic QSI analogues had been reported including 3,4-dibromo-2(5)H-furanone, 4-nitropyridine-N-oxide and indole used in this study. [9, 29] Scanning the short-term effects on the growth of bacteria and algae was an effective way to rapidly find active substances. In this study, QSIs showed dose-dependent effects on the growth of diatoms and the effects were closely related to diatom species which were similar to our previous report that anti-algal activities of indole derivatives were dependent on the diatom species. [30] From the results of specific growth rates, the inhibitory activity of 4-nitropyridine-N-oxide against Cylindrotheca sp. was superior to 3,4-dibromo-2(5)H-furanone and indole. For N. closterium, the inhibitory effect of indole seemed to be better than that of the other two QSIs because lower concentrations of indole also decreased the specific growth rate of the diatom. However, 4-nitropyridine-N-oxide showed a powerfully inhibitory effect on the growth of N. closterium when the exposure concentrations reached above 10 mg/L, which might contribute to the different action mechanisms of QSIs against diatoms.
In addition, EPS produced by many microorganisms and algae in marine environments was a complex high-molecular-weight mixture of polymers, which mainly comprised polysaccharide, protein and nucleic acids. [31] EPS helped to hold the marine aggregates and kept their intact networks, and subsequently led to the biofilms formation. [32] Microbial and diatom-biofilm communities provided primary biotic-substrata for settlement of different fouling organisms such as macro-algae, protozoa and invertebrates. It was reported that EPS accounted for over 90% of organic substances in the biofilm. [33] Therefore, EPS contents generally reflected the biomass of the biofilm. In this study, the protein contents in the diatom-biofilm of N. closterium and culture mediums of the two diatoms could not be detected, probably because of the low concentrations. For Cylindrotheca sp., protein and polysaccharide contents in the diatom-biofilm showed dose-dependent effects that QSIs reduced EPS contents in the biofilm with the increase of exposure concentrations. However, soluble sugar contents in the culture mediums significantly increased when the concentration of QSIs reached 50 mg/L, which indicated that higher concentrations of QSIs might destroy the cell structures and result in the leakage of intracellular polysaccharides. The variation of Chl.a was similar to that of protein and polysaccharide in the diatom-biofilm except that lower concentrations of indole promoted the Chl.a contents in the attached diatom, on the contrary. For N. closterium, the different results were found that 3,4-dibromo-2(5)H-furanone increased polysaccharide contents in the diatom-biofilm and culture medium, and 4-nitropyridine-N-oxide only increased soluble sugar contents in culture mediums at the concentration of 50 mg/L exposure. However, indole at the designed exposure concentrations decreased the polysaccharide and soluble sugar contents. These results showed that the effects of QSIs depended on diatom species besides the dose of QSIs. In this study, it was found that the attachment activity of N. closterium was lower than that of Cylindrotheca sp., and most diatom cells floated in culture mediums, which might be one of the main reasons that caused different results of EPS. The higher concentrations of 3,4-dibromo-2(5)H-furanone and 4-nitropyridine-N-oxide decreased the Chl.a contents in the attached diatom N. closterium, but increased polysaccharide contents in the diatom-biofilm, which indicated that diatom cells might resist external stress by secreting EPS. Similar reports were found that the presence of EPS led to a higher prevalence of viable diatom cells in the biofilm undergoing elevated or fluctuating salinities stress in marine environments. [34, 35] Therefore, EPS appeared to be an important adaption which promoted population persistence for the diatom-biofilm.
To our knowledge, it was the first report about the effects of QSIs on the formation of the diatom-biofilm. Qian et al. found that brominated furanones derived from seaweed exhibited potent antifouling activity against the larvae of important fouling organisms. Similarly, alkylated butenolides isolated from a deep sea Streptomyces sp. showed similar antifouling activity and the structure-activity relationships had revealed that the 2-furanone ring was essential for activity. [11] And synthetic furanones such as 4-bromo-5-(bromomethylene)-2(5H)-furanone and 5-(bromomethylene)-2(5H)-furanone were also effective in inhibiting QS-mediated biofilm formation. [36] However, the values of crystal violet staining reflecting the diatom-biofilm biomass showed no variation between 3,4-dibromo-2(5)H-furanone treatment and the control group in this study, which might be attributed to the low sensitivity of the method. The other two QSIs (4-nitropyridine-Noxide and indole) significantly reduced the values of crystal violet staining for the diatom-biofilm, which suggested that their inhibitory effects on the diatom-biofilm were superior to that of 3,4-dibromo-2(5)H-furanone. In addition, SEM images also clearly showed that 4-nitropyridine-N-oxide destroyed cell structures and indole obviously reduced the cells aggregation in the diatom-biofilm in comparison with the control.
So far, the growth of bacteria and microalgae as well as the attachment activity of invertebrate larvae and macro-algal spores were usually used as model methods to evaluate antifouling activities of substances. However, few data were available for the effects on the formation of the diatom-biofilm, which were very important components in fouling the biofilm. In this study, the effects of three kinds of QSIs on the growth and the diatombiofilm formation were determined. Our results demonstrated that QSIs significantly inhibited the growth and specific growth rate of diatoms with the increase of exposure concentrations, and the inhibitory effect also depended on diatom species. EPS contents were influenced by QSIs, and results of crystal violet staining and SEM clearly showed that QSIs, especially 4-nitropyridine-N-oxide, strongly inhibited the diatom-biofilm formation.
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